Antibody glycosylation is a key parameter in the optimization of antibody therapeutics. Here, we describe the production of the anti-cancer monoclonal antibody rituximab in the unicellular ciliate, Tetrahymena thermophila. The resulting antibody demonstrated enhanced antibody-dependent cell-mediated cytotoxicity, which we attribute to unusual N-linked glycosylation. Detailed chromatographic and mass spectrometric analysis revealed afucosylated, oligomannose-type glycans, which, as a whole, displayed isomeric structures that deviate from the typical human counterparts, but whose branches were equivalent to fragments of metabolic intermediates observed in human glycoproteins. From the analysis of deposited crystal structures, we predict that the ciliate glycans adopt protein-carbohydrate interactions with the Fc domain that closely mimic those of native complextype glycans. In addition, terminal glucose structures were identified that match biosynthetic precursors of human glycosylation. Our results suggest that ciliate-based expression systems offer a route to large-scale production of monoclonal antibodies exhibiting glycosylation that imparts enhanced cell killing activity.
Introduction
The freshwater ciliated protozoan Tetrahymena thermophila is a very well-characterized unicellular eukaryotic organism. 1 Although ciliates have been extensively used as a model system in molecular and cell biology, their application within the biopharmaceutical industry remains underexplored despite several potential advantages. 2 For example, T. thermophila grows rapidly to high cell densities of about 5 £ 10 6 cells/mL in inexpensive cell culture media, requiring only simple up-scalable bioreactors comparable to those used for yeast and Escherichia coli fermentation if used for biopharmaceutical production. 3 In addition, it is regarded to be a biologically safe organism thought to be free from human pathogens, as there is generally no evidence that it harbours any pathogenic viruses or pyrogens. 4 The availability and annotation of non-germline macronucleus genome sequences provided the basis for the development of molecular methods specifically designed to genetically modify its genome. [5] [6] [7] [8] [9] [10] [11] Hence, numerous homo-and heterologous proteins have already been successfully and stably expressed in T. thermophila. 2, 4, [12] [13] [14] T. thermophila is thus a beneficial expression system with the potential to offer significant advantages in the production of high quality proteins and glycoproteins.
Recombinant monoclonal antibodies (mAbs) constitute the majority of marketed biopharmaceuticals, and they are used to treat a wide range of diseases, particularly include cancer, but also infectious and inflammatory diseases. 15 The clinical success of mAbs is based on their high target antigen specificity and the fragment crystallizable (Fc)-associated effector functions. The latter can either result from the formation of immune complexes formed after association with Fc receptors on immune effector cells (e.g., monocytes, natural killer cells, macrophages and dendritic cells) or from activating the classical complement system via binding of the C1 complex. 16 Antibody receptor recognition is strongly influenced by the type of N-glycan linked to the conserved Asn 297 residues on both Cg2 domains. 17 The glycosylation pattern is determined by the expression system's glycosylation machinery and can be highly heterogeneous, with each glycoform exhibiting particular physical and biological properties.
Comparing antibody biogenesis across the range of eukaryotic systems explored by the biopharmaceutical industry, we observe that the early protein folding and glycosylation processes are highly conserved. However, diversification of glycoforms, predominantly in the Golgi apparatus, is shaped through the opposing influences of protein-directed control of glycosylation and cell-specific remodelling of glycans. 18 Different recombinant production systems provide highly individual posttranslational modifications to the proteins. One of the most important of these modifications is N-glycosylation, which has great influence on antibody effector functions, pharmacokinetic properties, thermodynamic stability, safety and efficacy. 19, 20 Given the range of effector function properties made accessible by the isolation of different antibody glycoforms, even rare or moderately low abundant glycoforms are being investigated for their biopharmaceutical application. For example, highly sialylated antibodies show anti-inflammatory properties, while oligomannose-type and afucosylated glycoforms enhance FcgRIIIa binding and elevate antibody-dependent cellmediated cytotoxicity (ADCC). [21] [22] [23] [24] Importantly, following the approval of the afucosylated antibody mogamulizumab, such glycan-engineered antibodies are now benefiting patients. 25 Almost all commercially available mAbs are currently produced by mammalian cell lines, mainly due to the human-like glycosylation profile and the thus largely avoided immunogenic reactions against the therapeutic antibody. Many efforts have been undertaken to produce antibodies in alternative production systems like lepidopteran cells, yeast, transgenic animals and plants in order to lower the cost of production. [26] [27] [28] [29] None of these production systems has gained significant commercial attention yet likely, in part, due to the differences in their N-linked glycosylation compared to humans. However, glycoengineering platforms, such as Potelligent Ò30 and GlycoMab
Ò31
for mammalian cell lines or GlycoFi Ò32 for the yeast expression system Pichia pastoris, were developed to improve the efficacy of mAbs. Some of these antibodies are currently in clinical studies. 25 In consequence, very high demands are placed on new expression systems for the production of mAbs. The yields must be high, costs controlled, and the resulting product must be of high quality, including displaying optimal N-linked glycosylation that is synchronized to the required biological effector function.
Wildtype T. thermophila cells transformed to express and secrete high levels of proteins with therapeutic or nutraceutical potential generally exhibit typical, eukaryotic-like posttranslational modifications with one notable exception, N-linked glycosylation. Detailed analyses of the N-linked glycosylation of T. thermophila are currently lacking, although a study of the recombinantly expressed and secreted DNase I utilizing DNA sequencer-assisted fluorophore assisted carbohydrate electrophoresis (DSA-FACE) identified mainly paucimannose and oligomannose-type Nlinked glycans (Man 2-5 GlcNAc 2 ).
14 Furthermore, we are not aware of any scientific reports describing the recombinant expression of a mAb in T. thermophila.
Here, we report the expression in T. thermophila of a chimeric human-mouse monoclonal anti-CD20 antibody that exhibits comparable antigen binding properties and similar apoptosis induction abilities in target cells compared to the commercial anti-CD20 antibody produced in Chinese hamster ovary (CHO) cells (rituximab, MabThera Ò , Roche). Our anti-CD20 antibody expressed in T. thermophila displays a higher affinity to the Fc receptor FcgRIIIA and exhibits stronger ADCC. We furthermore provide a detailed study of the N-glycosylation profile exhibited by T. thermophila. The ciliate produces afucosylated, oligomannose-type, as well as glucose-terminated N-linked glycans. We attribute the observed enhanced effector functions to this unusual Nlinked glycosylation profile. We show that the glycoforms resemble different arms of naturally occurring human glycans, and we rationalize the effector properties of the Fc glycoforms using a combination of existing crystal structures.
Results
Recombinant production of anti-CD20 mAb with T. thermophila
In order to express the full-length monoclonal anti-CD20 antibody (rituximab, clone C2B8) in ciliates, we used codonoptimized artificial genes, according to the codon bias for highly expressed genes in T. thermophila. 33, 34 Full-length cDNA for the heavy chain (HC) and light chain (LC) of the antibody were cloned into the rDNA ori-based pAX vector derivate and into a pKOIX-based integrative expression vector variant, respectively (Fig. 1A) . 9 Conjugating T. thermophila wildtype cells were consecutively transformed with both vectors. Resulting transformants were screened for levels of expression and secretion of the anti-CD20 antibody by ELISA. Heavy and light chain double transformants displaying the highest antibody secretion were selected for future work.
In initial experiments, cell densities of 3.5 £ 10 6 cells/mL and yields of 20 mg/L/day could be reached using lab-scale batch fermentation. In order to characterize the anti-CD20 expressed by T. thermophila (from here on referred to as Tt/C2B8), we purified the mAb from cell culture supernatant by Protein A affinity chromatography (Fig. 1) . Supernatant, flow through fraction and eluate fraction were analyzed by silver staining and western blot subsequent to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1B,C) . The full IgG band of Tt/C2B8 in the supernatant and in the eluate has a comparable size to the commercial MabThera Ò full IgG band, which indicates correct expression, assembly and secretion of the antibody. The bands at about 50 kDa (HC) and about 25 kDa (LC) were only visible in the immunoblot analysis (Fig. 1C) , not in the silver stained gel (Fig. 1B) , and represent small amounts of non-assembled antibody fragments.
The western blot analysis (Fig. 1C ) reveals 2 HC bands, suggesting 2 different N-glycosylation variants. To further investigate this and to improve the resolution, we analyzed the sample using a Bioanalyzer 2100 (Fig 1D) . Treatment with PNGase F (peptide N-glycosidase F) led to aglycosylated HCs with similar apparent molecular weights for the commercial MabThera Ò and for Tt/ C2B8. Under reducing conditions, we observed a double band for the HC of the Tt/C2B8. The upper band corresponds to the glycosylated HC band of MabThera Ò . The band at the lower molecular weight indicates an aglycosylated portion of the produced HCs.
To confirm the presence of Tt/C2B8 glycosylation variants and to precisely determine its molecular weight, we measured the intact antibody by high-resolution native mass spectrometry ( Fig. 2 ; amino acids sequence in Supplementary Information). Three distinct species were identified corresponding to aglycosylated, mono-glycosylated and di-glycosylated antibody. Glycan structures, confirmed by ion mobility mass spectrometry (discussed below), were identified within each glycosylated variant. A truncated form of the aglycosylated antibody was also identified consistent with lysine clipping on the HC Cterminus, although this was a minor ion. Following PNGase F treatment, only the aglycosylated species were present, confirming the identification of N-glycosylation of the monoand di-glycosylated Tt/C2B8 variants.
Characterization of the binding ability of anti-CD20 antibody expressed by T. thermophila
We then aimed to compare the binding abilities of the recombinantly produced Tt/C2B8 and MabThera Ò to their CD20 epitope expressed on human B cells. Hence, freshly isolated peripheral blood mononuclear cells (PBMC) were incubated either with MabThera Ò or Tt/C2B8 and subsequently analyzed by flow cytometry (Fig. 3A) . The Tt/ C2B8 recognizes the CD20 epitopes on human B cells in Figure 1 . Expression, purification and glycoform separation of anti-CD20 antibody expressed by T. thermophila. (A) Two different expression cassettes in 2 different vectors were used to generate transgenic T. thermophila strains. The pAX_hNeoR_HC plasmid contains the full length cDNA encoding the heavy chain of anti-CD20, fused to the signal sequence of Tetrahymena PGP1 (signal peptide, amino acids 1-18), flanked by a »1 kb MTT1 promoter active sequence and the BTU2 terminator (»350bp). The pKOIX_B_LC plasmid contains the full length cDNA encoding the light chain gene of anti-CD20, fused to the signal sequence of Tetrahymena PGP1 (signal peptide, amino acids 1-18), controlled by a »1.2 kb MTT5 promoter active sequence and the BTU2 terminator (»350 bp). The whole expression cassette is flanked by DHFR-TS 3 0 and 5 0 integration sequences (each »1.5 kb). lx, lox promoter cassette; CmR, chloramphenicol resistance cassette, H4, Histon promotor, Ig-HC, immunoglobulin heavy chain, Ig-LC, immunoglobulin light chain, DHFR, Dihydrofolatreductase, BsdR, blasticidin resistance cassette, hNeoR, neomycin resistance cassette, BT, b tubulin terminator sequence. (B-D) Tetrahymena anti-CD20 antibody was purified from cadmium-induced cell culture supernatant using Protein A affinity chromatography. Supernatant (SN), flow-through fraction (W) and eluate fraction (E) were analyzed by SDS-PAGE and silver staining (B) and immune blot using HRP conjugated anti-human IgG antibody (C). Full IgG band of Tt/C2B8 was compared to MabThera (MT) full IgG band. Purified Tt/C2B8 and MabThera Ò were analyzed regarding their N-linked glycan occupancy using Bioanalyzer 2100. Antibody samples were deglycosylated by PNGaseF treatment (deglyc.) and separated under reduced (red.) and nonreduced (non red.) conditions (D). M, prestained standard. (E) Chromatogram of a representative HPLC -CEX resulting in separation of anti-CD20 antibody variants differing in heavy chain N-linked glycan occupancy. A gradient of salt at pH 4.0 was used for elution. Antibody samples from separated peaks (P1 -P3) were analyzed using Bioanalyzer 2100 (P1, 99% glycosylated HC; P2 51% glycosylated HC; P3 24% glycosylated HC, MT, MabThera Ò ).
the same manner as the MabThera Ò . The induction of apoptosis in human B cells is a well-described biological effector function of the anti-CD20 antibody. 35 We thus incubated PBMCs again with both antibodies and used the apoptotic marker Annexin V afterwards for cell staining. Additionally, the cells were counterstained with the live/dead marker propidium iodide and analyzed using flow cytometry. The cells were gated for CD19/CD20 positive B cells. Tt/C2B8 as well as MabThera Ò were able to induce apoptosis in about 45 -54% (Fig. 3B ) of the human B cells.
Binding affinity to FcgRIIIA receptor variants
Binding of the Fc region of the anti-CD20 antibody to FcgRIIIA receptor is important for elicitation of biochemical effector functions of mAbs, such as ADCC. 36 To assess the binding affinity, we employed surface plasmon resonance (SPR) analysis using a recombinant extracellular domain of human CD16. Due to a polymorphism for FcgRIIIA in humans, both receptor variants 176 Val (F) and 176 Phe (V) were analyzed. Sensorgrams of the interactions of both FcgRIIIA variants and MabThera Ò or anti-CD20 expressed by T. thermophila are shown in Fig. 3C . In contrast to the dissociation rate constant k d , which shows minor differences between MabThera Ò and Tt/C2B8 for a given FcgRIIIA variant, the association rate constant k a of Tt/C2B8 is »4 to 5 times higher than that of MabThera Ò . Accordingly, the dissociation constant (K D ) was more than 5 times lower (Fig. 3C) , indicating an enhanced affinity of Tt/C2B8 to the FcgRIIIA compared to MabThera Ò . As mentioned above, T. thermophila produces a population of aglycosylated HCs (Fig. 1D ) leading to the formation of a-, hemi-and fully glycosylated full IgG. We successfully separated the fully glycosylated IgG fraction by cation-exchange HPLC (CEX-HPLC, Fig. 1E ). This is of particular importance because even hemiglycosylated antibodies have been described to have lower Fcg -receptor affinities, and hence decreased ADCC efficacy. 37 
T. thermophila-expressed anti-CD20 displays a higher ADCC
It is thought that ADCC contributes substantially to the in vivo antitumor activity of IgG1 antibodies. 38, 39 As the Tt/C2B8 exhibits a significantly higher affinity to the FcgRIIIA receptor, we hypothesized that this would also result in a higher ADCC effector function. To demonstrate this, an ADCC reporter bioassay was performed using the fully glycosylated antibody preparation after CEX-HPLC separation (Fig. 1E ). In the ADCC reporter assay, classical effector cells, e.g., natural killer cells, are replaced by engineered Jurkat cells stably expressing the FcgRIIIA receptor and an NFAT (Nuclear factor of activated T-cells) response element driving the expression of a firefly luciferase. 40 After the successful cross-linking of the CD20-positive Raji cells and the Jurkat cells with the anti-CD20 antibodies, luminescence readout was quantified as an early result of ADCC mechanism of action. Cultivation of Raji and Jurkat/ FcgRIIIA/NFAT cells with Tt/C2B8 led to a 17 times stronger (EC 50 7 ng/mL, half maximal effective concentration) dosedependent activation of the Fcg-receptor compared to MabThera Ò (EC 50 123 ng/mL; Fig. 3D ).
Glycosylation analysis
As the higher ADCC of Tt/C2B8 can most likely be explained by the glycans present on the conserved Asn 297 of the HC, we performed glycan analysis by ion mobility electrospray mass spectrometry (IM ESI-MS) and HILIC-UPLC. IM ESI-MS analysis revealed the presence of 6 different glycans present on Tt/ C2B8 (Fig. 4) . The oligomannose-type glycans Man 3-5 GlcNAc 2 were detected, as well as the glucose-terminated structures Figure 2 . Native mass spectrometry of glycosylated and PNGase F treated Tt/C2B8. Intact mass spectrum reveals aglycosylated, mono-glycosylated and di-glycosylated variants (top). The analyzed Tt/C2B8 was purified by Protein A chromatography (Fig. 1D) . Detailed analysis of a single charge state (23 using the color scheme adopted by the Consortium for Functional Glycomics. The numbering scheme follows that proposed by Domon and Costello. 41 Glycan symbols were assigned as depicted in the key in Fig. 2 . D-N-acetylchitobiose core in the absence of any substituents. The spectrum was identical to that of an authentic sample of Man 3 GlcNAc 2 obtained from chicken ovalbumin. 44 Ions corresponding to 2,4 A 4 , B 3 and 2,4 A 3 cleavages at masses consistent with their higher molecular weights (e.g., m/z 910.3, 850.3 and 707.2 in the spectrum shown in Fig. 4D ) were present in the spectra of the other 5 glycans, again indicating no core-substitution. The spectra of oligomannose-type glycans substituted in the 6-antenna (6-arm) contain a prominent series of ions corresponding to 1, 4 (Fig. 4E ) reflect the absence of Glc 2 and Glc 3 units in these glycans, respectively, and confirm the structures shown in Fig. 5 .
We performed HILIC-UPLC analysis of fluorescently labeled and released glycans from MabThera Ò and Tt/C2B8 (Fig. 5) . The commercially available MabThera Ò displays a glycosylation profile dominated by biantennary, fucosylated glycans. Glycan structures, as assigned in Fig. 5A , were confirmed by fragmentation through IM ESI-MS (data not shown). The profile of T. thermophila produced mAb (Fig. 5B ) was confirmed by a panel of exo-and endoglycosidase digests. In particular, the presence of terminal glucose was verified by digestion with a-glucosidases I and II. The most abundant structure is Glc 1 Man 5 GlcNAc 2. The insensitivity of the glycans to EndoH digestions (Fig. 5B) confirms that the isomers displayed by the ciliate oligomannose-type glycans lack the classical 6-arm branches of human glycans. Indeed, Endo H only requires a single mannosyl residue on the 6-arm on the trimannosyl core in order for cleavage to occur, which is consistent with our ion mobility fragmentation data (Fig. 4) . 47 Additionally, our glycan assignments are entirely in accordance with the annotated genes for glycan biosynthesis in the T. thermophila genome. 48 
Discussion
The clinical efficacy of mAbs has been firmly established, and consequently there is substantial research and development activity to further broaden clinical indications and to enhance patient outcomes. By 2014, forty-seven mAbs products had been approved for clinical use in the US or Europe. Only three of these were produced in a non-mammalian expression system (E. coli). 49 In order to meet the demand for therapeutic antibodies, nearly 10 t were produced in 2013 compared to about 8.6 t of all other recombinant products. 30 Generation of mammalian cell lines with high productivity, stable long term expression and good product quality is laborious and time consuming, the production costs are relatively high and the handling is very demanding. Mammalian cells, for instance, are susceptible to impurities and contaminations and sensitive toward liquidassociated shear stress because they are about 10-to 50-fold larger and more vulnerable than microbial cells. 50 Despite their disadvantages, mammalian cell lines have become the dominant production system for mAb products. This is mainly because of their ability to perform required protein folding, assembly and posttranslational modifications, yielding in proteins that are biochemically similar to human ones. Furthermore, as a result of improvements in mammalian cell culture technology, productivity increased from 10 pg antibody per cell per day in 1986 to »5 g/L in 2004, and yields can be »12 g/L in CHO cells today. 51 However, the number of antibody products and the total volume needed by patients will likely increase in the future. As a result, there is still a high demand for improvement of several aspects of mammalian cell culture (lowering the long timeline required for generation of a cell line or the product quality and stability) to lower the costs of antibody production, as well as development of new production systems and technologies. 52 Here, we introduce a new promising technology for the production of recombinant therapeutic antibodies based on the unicellular eukaryotic protozoan T. thermophila. We demonstrate that the expression and secretion of a fully assembled monoclonal anti-CD20 antibody that exhibits the same antigenic properties, but increased affinity for the FcgRIIIA and higher ADCC activity, compared to the commercially available, CHO celL-produced anti-CD20 antibody (MabThera Ò , Roche). We observed a small proportion of potentially C-terminal lysine-clipped HCs in the native mass spectrometry analysis of the deglycosylated Tt/C2B8 antibody, which is a commonly observed variant of biopharmaceutical mAbs. 53 Antibodies of the IgG class derived from human B cells exhibits Fc domain glycosylation comprising the conserved pentasaccharide core (Man 3 GlcNAc 2 ) modified by b1,2-GlcNAc residues on each arm with the variable addition of further monosaccharides like bisecting GlcNAc residues, galactose, sialic acid and fucose. 54 The glycosylation pattern can not only vary between different antibodies, but also between both Cg2 domains of the same antibody. 55 Furthermore, Rustandi et al. 56 demonstrated that most therapeutic antibodies contain small but detectable amounts of aglycosylated HCs. These differences in glycosylation can lead to hemiglycosylation of the Fc region of the antibody.
Hemiglycosylated antibodies appear when an aglycosylated HC pairs with a glycosylated HC to form an IgG. T. thermophila secreted glycosylation variants of the anti-CD20 HC, and we could demonstrate a 5-fold increased binding affinity to the FcgRIIIA, even though it has been shown by Ha et al. 37 that hemiglycosylated antibodies show significantly decreased binding affinities toward all Fc receptors when compared to fully glycosylated antibodies. We therefore hypothesized that the antibody-dependent cytotoxicity of a fully glycosylated T. thermophila produced C2B8 might be much higher than Figure 6 . Glycoforms of the IgG Fc. Human and T. thermophila glycoforms of the IgG Fc Cg2 domain with the protein depicted in gray and the glycan residues shown as colored sticks with surface representation (red, fucose; blue, GlcNAc; green, mannose; cyan, glucose; magenta, sialic acid). The human complex-type glycoforms correspond to a region of the crystal structure of a hypersialylated Fc (PDB ID: 4BYH). 76 The human oligomannose glycoform shows the crystal structure of a Man 9 GlcNAc 2 in which discernible electron density was observed (PDB ID: 2WAH). 67 The T. thermophila oligomannose-type glycoform is a model of the Glc 3 Man 9 GlcNAc 2 isomer generated by the superimposition of the NMR structure of a glucosylated oligomannose glycan and the crystal structure of the Man 3 GlcNAc 2 glycoform (PDB ID: 1H3U). 66, 77 The terminal residues of the 3-arm are disordered in the 2 crystal structures and we predict that the 3-arm in the T. thermophila oligomannose-type glycoforms is similarly conformationally flexible ( Ã ).
MabThera Ò , which is produced in CHO cells. For the measurement of the ADCC effector function we applied the fully glycosylated fraction of the Tt/C2B8 and could demonstrate an »17-fold increase in antibody-dependent cytotoxicity compared MabThera Ò . ADCC assays are a good model of in vivo activity, but we note that their performance does not fully capture all physiological effects, such as the role of immune complex formation and the inhibitory role of competing endogenous IgG. [57] [58] [59] These caveats aside, one reason for this increased performance is likely to be found in the fucose-free glycosylation pattern of T. thermophila. The major N-linked glycans found on human IgGs or IgGs produced by mammalian cells contain a fucose residue in an a1,6 position linked to the core GlcNAc residue (core fucose). 54 It has been shown that the removal of the core fucose, for instance by a1,6-fucoslytransferase gene (FUT8) knockout or by overexpression of heterologous b1,4-N-acetylglucosaminyltransferase III (GnTIII), increases the affinity to FcgRIIIA and, therefore, increases the ADCC activity of the IgG antibody. 25 The lack of fucose in the T. thermophila glycosylation pattern does seem to enhance the ADCC effector function of the anti-CD20 antibody. However, the lack of fucose at the core GlcNAc is likely not solely responsible for the modulated effector function. Another aspect to consider is the conserved biantennary core structure of the Nlinked glycan attached to Asn 297 in the Fc domain containing up to 5 mannose residues and up to 3 glucose residues. SPR binding studies with homogeneous IgG-Fc glycoforms with defined core Nlinked glycan transferred to the GlcNAc moiety by the transglycosylation activity of an Arthrobacter endoglycosidase (EndoA) showed that the presence of a bisecting GlcNAc or even a bisecting mannose residue could significantly enhance the binding of the Fc to FcgRIIIA. 22 Additionally, it was shown that the a-linked mannose residues in a Man 3 GlcNAc 2 core were essential to maintain the high affinity to the FcgRIIIA. 22 The observance of up to 3 terminal glucose residues on Tt/C2B8 is in accordance with a report by Taniguchi et al., who characterized 2 lysosomal enzymes secreted by a T. pyriformis strain. 60 They postulated an unusual dolichol pyrophosphate (Dol-PP) precursor (Glc 3 Man 5 GlcNAc 2 -DolPP instead of the Glc 3 Man 9 GlcNAc 2 -DolPP structure of yeast or mammalian cells). The terminal glucose residues are thought to be removed by a-glucosidases I and II. There is a mammalian and yeast a-glucosidase I homologous enzyme annotated (TTHERM_00636930, mannosyl oligosaccharide glucosidase), which is possibly located in the endoplasmic membrane of T. thermophila and potentially able to remove a1,2-glucose residues. 60 Taniguchi et al. analyzed a lysosomal a-glucosidase II with an a1,3-linked glucose residue substrate specificity that is secreted by T. thermophila. 60 After removal of the terminal glucose residues of the N-linked glycans in yeast and mammalian cells, the resulting Man 9 GlcNAc 2 structure is further processed in the Golgi apparatus to generate hybrid or complex type glycans, starting with removal of a1,2-linked mannoses to generate a Man 5 GlcNAc 2 oligosaccharide precursor. Ciliates lack classical Golgi-associated enzymes to produce complex or hybrid-type glycan structures that are found in, for example, mammalian cells. 61 Additional processing could take place in the compartment of the secretory pathway or in the extracellular media, and could include trimming of up to 3 mannose residues (a1,2-and a1,3-linked) . The necessary enzymes
have not yet been identified in T. thermophila, although there have been reports of a-mannosidases of unknown specificity that are secreted alongside other lysosomal enzymes. 62, 63 Because the content and the composition of the lysosomal enzymes secreted by T. thermophila are strongly mediadependent, 62 ,63 the portfolio of the different N-linked glycans in T. thermophila might be influenced by the prevailing cultivation conditions. It remains to be determined if the observed range of N-glycan structures is the result of incomplete processing during intracellular transport, whether it is dependent on the resident time in the extracellular medium, or if it is the result of a normal variation.
Variations in the percentage of glycosylation level of mAb HC were observed in cultures of different T. thermophila clones (data not shown). Based on the publications of Hossler et al. 63 and Rouiller et al., 64 we are currently testing different media formulations, and, in combination with an advanced clone screening procedure, we will be able to select high producer clones with the highest percentage of glycosylated mAb HC.
Regardless of the biosynthetic origin of the glycan structures and heterogeneity, the observed N-glycan structures, including terminal glucose residues, do not negatively influence the binding properties to the FcgRIII or the ADCC effector function. We can rationalize these properties by the analysis of known crystal structures of IgG1 Fc glycoforms. Typical mammalian oligomannose structures contain a branched 6-arm that prevents the Man 3 moiety from fully relaxing against the protein surface, as is observed in Fc domains containing complex-type glycosylation. 65, 19 In T. thermophila, the absence of such 6-arm branching would generate a 6-arm conformation resembling that described by Krapp et al. for the Man 3 GlcNAc 2 glycan. 66 Similarly, the extended mannosylated 3-arm would structurally resemble that reported by Crispin et al. for the Man 9 GlcNAc 2 glycoform. 67 In this way, the whole 3-arm projects into the interstitial space. The absence of resolvable density for the D1 mannose in the crystal structure of the Man 9 GlcNAc 2 glycoform would lead us to predict that both the D1 mannose and glucose cap in the T. thermophila glycoforms are very highly solvated and flexible (Fig. 6) . In summary, while the T. thermophila glycans presented here diverge from those of human oligomannose-type glycans, their branches appear identical to sections of human glycans. The presence of terminal mannose residues on IgG Fc glycans has been shown to suppress serum half-life. 68 However, the influence of the capping glucose within the Fc on pharmacokinetics and immunogenicity has yet to be determined.
Taken together, the scalability of antibody production in T. thermophila and associated unique human-like glycosylation presents new opportunities for the manufacture of therapeutic antibodies with tuned pharmacokinetic properties and effector functions.
Material and methods

Constructs
We used a synthetic gene for the LC and the HC of the mAb that was codon-optimised according to the T. thermophila codon bias that is used for mainly high expressed genes. The sequences of the anti-CD20 was based on US patent 6,682,734.
Synthetic genes were cloned into intermediate plasmids and were thereby successfully assembled with the PGP1 T. thermophila signal sequence 69 (18AA, polyglycylated protein 1, accession no. DQ418790), the promoter and the terminator. The final expression cassette for the HC of the anti-CD20 antibody carried a 1 kb fragment of the MTT1 promoter-active region, the BTU2 terminator sequence of the neo2 cassette and was cloned into a pAX_vector derivate, which is based on the pAXplasmid constructed by Weide et al. 8 The final expression cassette for the LC of the anti-CD20 antibody carried a 1.2 kb fragment of the MTT5 promoter-active region, the BTU2 terminator sequence of the neo2 cassette and was cloned into a pKOIX-based integrative expression vector by Cre/Lox recombination. In the utilized pKOIX-vector-variant, the neo selection cassette was replaced by a bsd selection cassette (pKOIX_B_LC). 8 The employed plasmids were cloned by standard methods (details on intermediate plasmids and primers are available from the authors).
Strains, cultivation and transformation of T. thermophila T. thermophila inbred strains B1868/4 and B1868/7 were used as transformation hosts. Conjugating cells were transformed with the integrative expression vector (pKOIX_B_LC) via biolistic bombardment using standard protocols. 11, 70 Afterwards, individual transformants were further cultivated at 30 C without agitation in 1.5 mL SPP medium (1% proteose peptone no 3, 0.5% yeast extract, 0.1% ferrous sulfate chelate solution, 0.2% glucose) supplemented with 10 m/mL thymidine and increasing concentrations of the antibiotic blasticidin (from 50 mg/mL to 500 mg/mL) for several passages to support the allelic assortment process. Thymidine auxotrophic single cell clones were cotransformed with the episomal expression vector (pAX_hNeoR_HC) via biolistic bombardment using standard protocols. Transformants were further cultivated at 30 C without agitation in 1.5 mL SPP medium supplemented with 10 m/mL thymidine and 300 mg/mL paromomycin. Small-scale cultivation was performed in 1.5 mL SPP-medium at 30 C at 80 rpm in a Multitron AJ incubation shaker (Infors AG).
SDS-PAGE, western blot analysis and silver staining
Protein expression and secretion into the supernatant was verified by SDS-PAGE on 4-20% bis-tris gels (Anamed Elektrophorese GmbH). 71 Gels were either blotted onto nitrocellulose membranes or stained according to Pierce Ò Silver Stain Kit (Thermo Scientific). Blotted nitrocellulose membranes were blocked in phosphate-buffered saline (PBS) containing 0.05% Tween 20 and 5% skim milk (PBS-TM). Expression of recombinant anti-CD20 antibody in transformed ciliates was detected by a polyclonal horseradish peroxidase (HRP)-conjugated goat-antihuman IgG antibody (H C L) (A8792, Sigma). The blots were developed by using chemiluminescence. Western blots were visualized using a Fusion imaging system and software (Peqlab).
ELISA analysis of anti-CD20 antibody secretion level
Aliquots of supernatant were assayed in a quantitative sandwich ELISA using MabThera Ò (Roche) for creation of standard curves. For the assay, Nunc MaxiSorp Ò 96-well plates were coated with recombinant protein A (Thermo Scientific) at a concentration of 5 mg/mL and the bound antibody was detected by HRP-conjugated goat F(ab')2 anti-mouse IgG (Fab')2 (ab98659, Abcam). Peroxidase reaction was started using Ultra TMB ELISA reagent (Fermentas) and measured at 450 nm using spectral photometer (Bio-Tek Instruments).
Lab scale fermentation
Fedbatch fermentations of T. thermophila were conducted in a 6x 0.5L multifermenter (Sixforse, Infors AG). The fermenter was inoculated with 40 £ 10 3 cells/mL and cells were grown in a modified SPP medium (2.5% proteose peptone no 3, 1% peptone acid hydrolysate from vegetable, 0.5% yeast extract, 0.1% ferrous sulfate chelate solution, 0.2% glucose), supplemented with 260 mg/mL paromomycin and 10 mg/mL thymidine. The temperature was maintained at 30 C and pO 2 was controlled at 20% of the air saturation level by stirrer speed (500-1000 rpm) and air flow (0.1-0.5 L/min). The pH value was regulated to pH 7.0 during the fermentation process.
Anti-CD20 antibody expression was induced by the addition of 10 mg/mL cadmium chloride to the culture medium at a cell density of 1.5-1.8 £ 10 6 cells/mL. The culture supernatant was harvested 24 h after induction of protein by stepwise centrifugation (15 min 1,500 g at 12 C and 30 min 14,000 g at 4 C). Supernatants were stored immediately at ¡80 C.
PNGase F treatment
Samples consisting of 18 mL supernatant and 2 mL 10£ denaturation buffer were boiled for 10 min. After that 3 mL of 10£ G7 deglycosylation buffer, 3 mL of 10% NP40 and 2 mL of PNGase F (New England Biolabs) were added and adjusted to 30 mL. Aliquots of these reactions were analyzed by SDS-PAGE and western blot and CE-SDS.
Cation-exchange HPLC
After Protein A affinity purification of the anti-CD20 antibody, the differently glycosylated variants were separated as described previously 72 on a Hitachi LaChrom Elite Ò HPLC System using a ProPac WCX-10 (4 £ 250 mm) column (Thermo Fischer) and a salt gradient elution at pH 4.0 (mobile phase A: 10 mM sodium acetate, pH 4.0; mobile phase B: 10 mM sodium acetate pH 4.0, 1.0 M NaCl). A constant flow rate of 1mL/min was maintained and the NaCl gradient was increased 1% per minute, which is equivalent to 10 mM NaCl increase per minute.
CE-SDS gel using Bioanalyzer 2100
CE-SDS of the protein probes was performed in Bioanalyzer 2100 (Agilent Technologies) on a High Sensitivity Protein Chip to determine the ratio of glycosylated and aglycosylated HC molecules in antibody samples. Sample preparation was performed using Agilent High Sensitivity Protein 250 Kit (Agilent Technologies) according to the manufacturer's instructions. To detect the proteins, a labeling reaction was performed. Quantification and size analysis were based on a protein standard as a reference in every measurement using Bioanalyzer 2100 system and software.
Purification of anti-CD20 antibody expressed by T. thermophila Cell-free supernatants harvested from fermentation processes were applied to a Protein A agarose column (mABSelectSuRe, GE Healthcare) equilibrated with 10 mM phosphate buffer containing 140 mM sodium chloride (pH 7.2). Antibodies were eluted after washing the column (5 CV) with equilibration buffer using 100 mM glycine -HCl (pH 2.9) and neutralized by 1 M Tris -HCl (pH 9.0). In antibody-containing fractions, a buffer exchange into stabilizing buffer (9 mg/L NaCl, 7.35 mg/ L sodium citrate dihydrate, 0.7 mg/L polysorbate 80, pH 6.8) was performed using Vivaspin 20 columns (Sartorius).
Native mass spectrometry
Native mass spectrometry measurements were performed on a hybrid quadrupole-Orbitrap instrument modified for detection of high mass ions. Samples (20 mM) were buffer exchanged into 200 mM ammonium acetate using Bio-spin 6 (Bio-Rad) centrifuge columns immediately prior to analysis. Ions were generated by static nanoelectrospray using gold-coated capillaries prepared in-house. Data were obtained with a wide acquisition window (1,000-15,000 m/z) and desolvation was achieved with HCD voltage applied (200 V). Additional instrument settings were as follows: capillary voltage D 1.2 kV; source temperature D 60 C; max injection time D 50; S-lens RF D 100; C-trap entrance lens D 5.8. Spectra were obtained with 10 microscans, averaged over 50 scans. Data was processed using XCalibur 2.1 software (Thermo Scientific) and masses were assigned using in-house software.
FcgR binding affinities of mAbs
Binding affinities of FcgR variants to anti-CD20 antibodies were determined by SPR using a Biacore 3000 (GE Healthcare). According to the manufacturer's protocol, anti-histidine antibody (HIS capture Kit, GE Healthcare) was covalently bound to the carboxymethylated dextran matrix of a CM5 sensor chip using the His Capture Kit (GE Healthcare). Afterwards, recombinant histidine-tagged human ectodomains of FcgRIIIA variants (Sino Biological) were immobilized onto the surface using a previously published protocol. 73 Antibody samples were diluted serially (1:3) in running buffer HBS-EP (GE Healthcare) starting at 9 mM MabThera Ò or 1 mM Tt/C2B8 and injected at a flow rate of 30 ml/min into the flow cells. Associations and dissociations were monitored for 120 s, respectively. The measurements were performed in triplicates and in random order. Evaluation of the data was done using BIAevaluation software (GE Healthcare). The equilibrium fit, based on the steady state responses, was used to give the K D -value (1:1 binding model). Moreover, binding curves were fitted to a monoexponential 1:1 binding model to obtain association and dissociation rate constants, as well as the K D -value. The response of the reference flow cell without captured ligand but with anti-His antibody and blank injections of running buffer were subtracted from each binding curve prior to analysis.
ADCC Reporter Bioassay
The ADCC Reporter Bioassay (Promega) was used to evaluate the Fc-mediated effector function of the anti-CD20 antibodies. According to the manufacturer's instructions, Raji target cells and Jurkat/NFAT-luc effector cells were thawed just before the assay. The cells were suspended in Roswell Park Memorial Institute (RPMI) medium (effector/target ratio 6:1) and cocultured in the presence of serially diluted anti-CD20 antibody samples. After incubation for 6 h at 37 C, luciferase activity was quantified using BioGlo TM reagent (Promega) and fluorescence reader (Bio-Tek Instruments). Data were fitted by 4PLC curve fit and EC 50 was calculated from the point of inflection. Measurements were done in triplicates and 5 independent experiments were performed.
Enzymatic in-gel release of N-linked glycans
Coomassie blue-stained antibody bands (40 mg) were excised from SDS gels and washed alternately with acetonitrile and water. The gel slices were rehydrated in 20 mM sodium bicarbonate buffer (pH 7.0). N-linked glycans were released by the addition of 1 mL PNGase F (New England Biolabs), incubated for 16 h at 37 C and extensively washed out of the gel matrix with water. Released glycans were then dried using a SpeedVac concentrator (Eppendorf) and either fluorescently labeled with 2-aminobenzoic acid (2-AA) or analyzed by ion mobility ESI-MS/MS.
Fluorescent labeling of N-linked glycans
Enzymatically released glycans were labeled with 2-AA as previously described. 74 Briefly, glycans were resuspended in 30 mL water followed by the addition of 80 mL labeling reaction mix, composed of 30 mg/mL 2-AA and 45 mg/mL sodium cyanoborohydride dissolved in sodium acetate trihydrate (4% w/v) and boric acid (2% w/v) in methanol. After incubation at 80 C for 60 min, excess fluorescent label was removed employing Speed Amide-2 cartridges, followed by HILIC-UPLC analysis.
HILIC-UPLC analysis of N-linked glycans
Glycans labeled with 2-AA were chromatographically separated by HILIC-UPLC using a 2.1 mm £ 10 mm Acquity BEH Amide Column (1.7 mm particle size, Waters) in a Waters Acquity UPLC instrument. The following gradient was applied: 
Glycosidase digestions of N-linked glycans
For purposes of structure determination, 2-AA labeled glycans were resuspended in water and digested using a panel of endoand exo-glycosidases. The enzymes used were Endoglycosidase H from Streptomyces picatus (P0702, New England Biolabs), a-L-fucosidase from bovine kidney (F5884, Sigma), b1,4-galactosidase from Streptococcus pneumoniae (E-BG07, QA Bio) and a (1-2,3,6 )-mannosidase from Jack bean (EAM01, QA Bio). Glucosidase I (N-terminal truncated enzyme) and II (full length) from mus musculus were kindly provided by Alessandro Caputo (Glycobiology Institute, University of Oxford). Digestion reactions were performed for 16 h at 37 C, according to manufacturer's instructions. Following digestion, glycans were cleaned using a polyvinylidene fluoride protein-binding membrane plate (MAIPS4510, Millipore).
Ion mobility mass spectrometry analysis of released glycans
Aqueous solutions (1 mL) of the samples were cleaned with a Nafion Ò 117 membrane. They were then reconstituted in methanol:water (1:1, v:v, 8 mL) containing ammonium phosphate (0.05 M) and infused with Waters thin-wall nanospray capillaries into a Waters Synapt G2Si traveling wave ion mobility mass spectrometer (Waters, Manchester, UK) fitted with a nanoelectrospray (ESI) ion source operated in negative ion mode. Instrumental conditions were: ESI capillary voltage, 1.0-1.2 kV; cone voltage, 150 V; ion source temperature, 80 C; T-wave velocity; 450 m/sec; T-wave peak height 40 V. Fragmentation by collision-induced dissociation (CID) was performed after mobility separation in the transfer cell with argon as the collision gas. The instrument was mass calibrated with caesium iodide. Data acquisition and processing were carried out using the Waters DriftScope (version 2. 
